In the adult nervous system, neurotransmitters mediate cellular communication within neuronal circuits. In developing tissues and primitive organisms, neurotransmitters subserve growth regulatory and morphogenetic functions. Accumulated evidence suggests that acetylcholine, (ACh), released from growing axons, regulates growth, differentiation, and plasticity of developing central nervous system neurons. In addition to intrinsic cholinergic neurons, the cerebral cortex and hippocampus receive extensive innervation from cholinergic neurons in the basal forebrain, beginning prenatally and continuing throughout the period of active growth and synaptogenesis. Acute exposure to ethanol in early gestation (which prevents formation of basal forebrain cholinergic neurons) or neonatal lesioning of basal forebrain cholinergic neurons, significantly compromises cortical development and produces persistent impairment of cognitive functions. Neonatal visual deprivation alters developmental expression of muscarinic acetylcholine receptors (mAChR) in visual cortex, whereas local infusion of mAChR antagonists impairs plasticity of visual cortical neurons. These findings raise the possibility that exposure to environmental neurotoxins that affect cholinergic systems may seriously compromise brain development and have long-lasting morphologic, neurochemical, and functional consequences.
]. This concept has traditionally been applied to substances involved in pattern formation and morphogenesis, such as retinoic acid. However, it may also be appropriate to consider neurotransmitters as morphogens when they act as dose-dependent morphogenetic signals in neural and nonneural tissues. Neurotransmitters have these types of actions in primitive organisms and embryos, where they exert their effects using receptors and signal transduction mechanisms similar to those in the adult nervous system (1) (2) (3) . This raises the possibility that the highly specialized roles played by neurotransmitters in synaptic transmission may have evolved from phylogenetically old functions, many of which are recapitulated during development. This may make developing neurotransmitter systems especially vulnerable to environmental neurotoxins, such as pesticides, designed to target receptors for these neurochemicals in lower organisms.
Developmental Roles of Acetylcholine
Acetylcholine is a major excitatory neurotransmitter in the nervous system of vertebrates and invertebrates. Accumulated evidence suggests that ACh also plays a key role in regulation of morphogenetic cell movements, cell proliferation, growth, and differentiation in species as diverse as echinoderms, insects, worms, avians, rodents, and humans.
Cholinergic Regulation of

Morphogenetic Celi Movements in Early Embryos
In sea urchin embryos, cell movements occurring during gastrulation and postgastrulation stages appear to be regulated by ACh and biogenic monoamines (5) (6) (7) (8) (9) (10) . Specific antagonists of receptors for these neurotransmitters act as inhibitors of morphogenetic cell movements during specific phases of gastrulation. For example, 5-HT receptor antagonists are effective in blocking cell movements throughout this period, whereas ACh antagonists act only during the final phases of gastrulation (5), and do not affect cleavage divisions (8, 9) . The ability of both 5-HT and ACh to affect gastrulating sea urchin embryos suggests that receptors for these neurotransmitters are expressed at the time of gastrulation by cells of the primary gut and mesenchyme (5, 6) . Histochemical evidence has demonstrated the presence of acetylcholinesterase (AChE) during sea urchin gastrulation where it is localized predominantly in the primary gut, which is the site of the most active cell movements (7, 10) .
Similar functions of ACh during gastrulation of vertebrate embryos are suggested by the presence of AChE during gastrulation in the chick embryo (11, 12) . Other morphogenetic roles for ACh during vertebrate embryogenesis are suggested by the early presence of choline acetyltransferase (ChAT), cholinesterases, and muscarinic cholinergic receptors (mAChR) in mesenchyme and developing cartilage of the chick limbud (13, 14) and myotomes (15 (18) (19) (20) . Recent evidence suggests that activation of Gqcoupled M1, M3, and M5 mAChR receptor subtypes stimulates mitogen-activated protein kinase by PLC-dependent and PLC-independent mechanisms (21) , and that mAChR activate the Egr family of transcription factors (22) . These findings may shed light on mechanisms underlying mitogenic effects of mAChR activation. Muscarinic receptor-dependent activation of PLC has also been reported in human fetal brain slices (23) , suggesting that similar mechanisms may be important for development of the human nervous system. Growth-promoting actions of endogenous ACh are suggested by the severe growth defects observed in ChATdeficient nematode and Drosophila mutants (24) .
Activation of Gq-coupled M1, M3, and M5 mAChRs can also stimulate adenylyl cyclase and inhibit cell proliferation in a number of cell types. These effects occur by mechanisms independent of PLC-mediated phosphoinositide (PI) hydrolysis, possibly involving liberation of y subunits from Gq (25) . Such mechanisms may underlie the inhibitory effects of carbachol on proliferation of fibroblasts transfected with gene sequences encoding Ml, M3, and M5 mAChRs (19, 26) .
Inhibitory effects of acetylcholine on stem cell proliferation are indicated by the positive effects of antisense oligonucleotides for AChE on proliferation and expansion of progenitor cells in bone marrow cultures (27) .
Cholinergic Rulation ofCeli Survival and Neurite Outgowh
Acetylcholine has been shown to regulate neurite outgrowth in both snail (Helisoma) and mammalian neurons [reviewed by Lipton and Kater (28) ]. When ACh is directly applied to cultured Helisoma neurons, it inhibits neurite outgrowth, but when added together with 5-HT, it prevents inhibition of neurite outgrowth by 5-HT (29) . Acetylcholine may be a negative influence on neurite outgrowth in mammalian neurons, as nicotinic antagonists enhance process outgrowth in cultured rat retinal ganglion cells, presumably by blocking the inhibitory effects of ACh released from amacrine neurons into the culture medium (30) . Acetylcholine has also been reported to inhibit neurite outgrowth in rat hippocampus (31) . However, activation of nAChRs has been reported to promote survival of chicken spinal motoneurons that would otherwise undergo programmed cell death when deprived of trophic factors (32) . In addition, significant direct roles for AChEs in neurite outgrowth have recently been reported, as discussed by Brimijohn and Koenigsberger (33) and Bigbee et al. (34) .
Development of the Central Cholinergic Nervous System
Central cholinergic neurons detected by ChAT immunoreactivity are concentrated in the mediobasal forebrain, and brainstem (35) , but are also present throughout the cerebral cortex (36) and hippocampus (37) . Mediobasal cholinergic forebrain neurons project to cortex and hippocampus (38) , where nAChRs and mAChRs are expressed in both neonatal and adult rat brain (39) (40) (41) .Most neurons expressing these receptors also contain AChE (42) . Cloning of the nAChR and in situ hybridization have revealed multiple subunits that are differentially expressed throughout the brain. Several of these subunits are highly expressed in cortex, hippocampus, and the septal area (39, 43, 44 Both mAChR and nAChR cholinergic receptors have been detected by radioligand autoradiography in the prenatal rat brain, where they appear to develop in a caudal-rostral gradient (48, 49) . However, nAChRs appear to be expressed earlier than mAChRs, where they can be detected in spinal cord and brainstem by E12. These receptors appear in more rostral brain regions (mesencephalon, diencephalon) by E14 and can be detected in deep layers of neocortex by E18 (48) . In the human fetus, nAChRs are highly expressed in the brainstem at midgestation, followed by a decline to low levels prior to birth (50) .
Muscarinic receptors are not detectable in rat brainstem and spinal cord until E16 and do not reach maximal levels until the end of gestation. Expression of these receptors in more rostral brain regions occurs after E16 and only begins to reach maximal levels just before birth (49) . In cerebral cortex, mAChR appear to surround the cortical plate at El 8, during the period of active migration of cholinergic neurons through this cortical region (45) , and by E22 are found throughout the developing neocortex (49) . Accumulating evidence indicates that expression of nAChR may be regulated by signals intrinsic (51) and extrinsic to their cortical location (52, 53 (55, (60) (61) (62) , in particular, the Ml, M2, and M4 subtypes, which exhibit different patterns of expression in developing cortex. The Ml and M4 subtypes exhibit interesting transient expression patterns in fiber tracts, the cerebral pedundes, and barrel fields, suggesting that they may be involved in axonal growth and cellular rearrangements during barrel field morphogenesis.
Rett Syndrome. Rett syndrome is a developmental disorder that presents in early childhood following a relatively normal infancy. This syndrome is characterized by deceleration of head growth and acquired microcephaly, reduced neuropil development in the cerebral cortex and hippocampus, and decreased numbers of basal forebrain cholinergic neurons. These children exhibit behavioral regression, stereotyped hand movements, seizures, breathing abnormalities, and severe mental retardation. This syndrome shares many similarities with the effects of basal forebrain lesions in neonatal mice. As such, it provides further evidence for the importance of acetylcholine in postnatal brain development and consequent behavior (63) .
Acetylcholine and Ocular Domi2nance
During development of the kitten visual cortex, synaptic competition between thalamocortical afferents driven by each eye leads to synaptic rearrangements that are critical for the formation of ocular dominance columns. Deprivation of input from one eye during a critical period of cortical development interferes with these synaptic rearrangements and leads to inability of the affected eye to drive visual cortical cells even after vision has been restored (64, 65) . Ocular dominance plasticity can be blocked by combined lesions of cholinergic and noradrenergic cortical afferents (66) . This effect can be mimicked by infusion of Ml mAChR antagonists (67) , suggesting that these receptors are involved in mediating the effects of cholinergic afferents on visual cortical plasticity. Monocular deprivation causes transient changes in developmental regulation of M2, M3, and M4 but not Ml mAChR mRNA expression in rat visual cortex (68, 69) , although with receptor autoradiography, effects on M1 receptors were found (70) . The latter finding is supported by studies in kitten visual cortex, where M1 mAChRs also appear to be affected by monocular deprivation (71) . Together, all of these studies suggest that neonatal visual cortical plasticity involves activation of mAChRs. In the chick optic tectum, however, nAChRs may also play a role in wiring of visual pathways. In this species, na (nonalpha) subunits of the nAChR are transiently expressed in the optic tectum during innervation by optic nerve fibers, whereas in "eyeless" embryos in which both optic vesicles have been removed, this transeint expression does not occur (72) . This suggests that nAChR may be involved in development of the retinotectal projection in the chick embryo.
Effects of Cholinergic Disruptors on Neural Development
Evidence that acetylcholine plays key roles in neural development suggests that disruptors of cholinergic function could disturb these actions if present during key critical periods. The cerebral cortex may be especially vulnerable to such insults because of the important roles cholinergic afferents play in cerebral morphogenesis and synaptogenesis. Disruptors of cholinergic function that may have significant effects on brain development include alcohol, nicotine, and cholinergic pesticides. Effects of nicotine and cholinergic pesticides are covered in the review by Slotkin (73 
Summary and Conclusions
Prenatal development of the central cholinergic nervous system coupled with the important developmental roles played by acetylcholine in both neural and nonneural tissues should make the vertebrate embryo especially vulnerable to the gestational effects of environmental neurotoxins that target cholinergic receptors or choline esterases. It seems especially important to study the effects of chronic prenatal exposure to cholinergic pesticides on pre-and postnatal brain development as well as behavioral consequences of these exposures.
